Abstract-Ring-labelled [ 14 C)aftatoxin 8 1 (AFB.), prepared by biosynthesis. or ~enerally Iabeiied [ 3 H]AFB 1 was administered by oral gavage to young adult _male rat~. After 6 hr. ~he hver _w~~ removed and two fractions were isolated, namely macromolecules, wh1ch contamed about 3 /o of the lmtlal dose of AFB 1 radioactivity. and water-soluble. low-molecular aftatoxin conjugates containing about_0·2~~~ of the administered radioactivity. These two fractions were administered orally to other rats ·~ o~der to determine the potential of radioactive aftatoxin residues for covalent binding to DNA. Such b1.n~mg ~an be used as an indicator for carcinogenic potency. Liver DNA was isolated 9-12 hr after admm1strat1on of the aftatoxin derivatives and in no case was any radioactivity detected on the DNA. lt can bt deduced on the basis of the Iimit of detection of radioactivity on the DNA, that macromolecule· bound AFB 1 derivatives are at least 4000 times less active than AFB 1 with respect to covalent binding to rat-liver DNA. and that the water-soluble conjugates are at least 100 times less potent than AFB, itself. 1t is concluded that the carcinogenic risk for humans who consume liver or n:'eat. containing s~h aftatoxin residues is negligible when compared with the risk from intake of aftatoxms m other food 1tems.
INTRODUCTION
AHatoxins are among the strongest hepatocarcinogens. Their mode of carcinogenic action is probably based upon a covalent binding of metabolites to biological macromolecules. and there is increasing evidence that DNA is the most critical target.
Although interaction with DNA appears to be the most important factor in tumour initiation, binding to protein and RNA occurs more frequently. A few hours after administration of a single dose of aflatoxin 8 1 (AFB.) to a rat, less than 10~0 of the total macromolecule-bound metabolites is on the DNA, the rest being bound to RNA and to protein (Garner & Wright. 1975) . The preceding paper (Lüthy, Zweifel & Schlauer. 1980) showed that the total macromoleculebound radioactivity in the liver 24 hr after administration of a single dose of AFB 1 to a pig represented more than 10~-~ of the dose. About 1 ~~ of the dose was accounted for by water-soluble, low-molecular-weight aflatoxin metabolites. probably conjugates with glucuronic acid, sulphate or glutathione. and only traces of Jipophilic metabolites could be detected.
Since aflatoxins are regular contaminants of groundnut cake used in animal nutrition. aflato~in residues (including macromolecule-bound aflatoxms and low-molecular conjugates) may be present in foods of animal origin (Purchase. 1972) and may be taken up by humans who consume the livers of these animals. 1t is possible that aflatoxin metabolites are cleaved from the macromolecules or from the conjugating agent during the process of digestion and are
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absorbed from the human intestine. No study is available on the carcinogenicity of such aflatoxin derivatives because a long-term carcinogenicity experiment would require considerable effort in the isolation of these derivatives from the livers of aflatoxin-treated animals and their subsequent feeding to other groups of animals. In this report, the carcinogenicity of macromolecule-bound aflatoxin metabolites and of aflatoxin conjugates is estimated on the basis of a short-term system. DNA binding of carcinogens hac; been shown to be a useful quantitative measure for the carcinogenic potency of genotoxic compounds (Lutz, 1979) , the binding potency being expressed by the so-called 'covalent binding index' (CBI), which shows how many molecules of a chemical are bound covalently per 10 6 DNA nucleotides after the administration of a single dose of I mmol/kg body weight. For rat-liver DNA, it was shown that the CBI is of the order of thousands with strong hepatocarcinogens, hundreds with moderate hepatocarcinogens and tens with weak carcinogens. This quantitative approach is especially suitable for a comparison of structurally related compounds, such as aflatoxins and their macromolecule-bound or conjugated metabolites.
Wehave therefore administered AFB 1 Iabeiied with 14 C or jH to rats by gavage. isolated the macromolecules and the water-soluble conjugates of AFB 1 from the liver and administered these fractions orally to other rats for a determination of incorporation of radioactivity into the liver DNA of the second group of rats.
EXPERIMENTAL

Materialsand generat methoc/$. [
14 C]AFB 1 was pre-pared from sodium [ 1-
14
C]acetate using Aspergillus parasiticus ATCC 1551, as outlined by Hsieh & Matefes (1971) and described by Lüthy et al. (1980) . [ 3 H]AFB 1 , obtained from Moravek Biochemicals, City of lndustry, CA, USA, was specified by the distributor to have a specific activity of 20 Ci/mmol and a radiochemical purity of 98% as determined by thinlayer chromatography on silica gel G with chloroform-acetone, 9:1 (v/v). In aqueous media, however, we found that the tritium Iabel was easily exchanged; 24 hr in an aqueous buffer at neutral pH resulted in a 15% loss of the Iabel, and 37% was lost within 4 days. Because of this rapid exchange, our AFB 1 dose to the rat contained 50% of the tritium as tritiated water (HTO), so that it was necessary to perform the control experiment described below.
Animals and treatment. Young adult male rats [ZUR:SIV-Z] were used throughout. The aftatoxins were administered in 10% aquebus ethanol by stomach tube. The aftatoxin metabolites isolated from the livers of the sponsor rats were administered by stomach tube in the solvents indicated below. The animals were killed by open-heart puncture under ether anaesthesia
Isolation of water-soluble ajlatoxin metabolites from rat liver. Liver was homogenized in 3 vols water in a
Waring Blender for four periods of 30 sec at high speed. After centrifuging for 1 hr at 12,000 g, the pellet was washed with 6 ml water and centrifuged again, the two supernatants being combined after filtration through paper. In order to separate the low-molecular conjugates from the macromolecule-bound metabolites the supematant was dialysed three times at 4°C against 1 SO ml water.
The high-molecular content of the dialysis bag was extracted with methylene chloride and centrifuged for 30 min at 12,0001 (three times), and the aqueous phase, together with the glutinous layer, was lyophilized. The residue was taken up in 20 ml water and lyophilized again, and this procedure was repeated twice in order to make sure that all exchangeable Iabel was removed. The residue was ground up and suspended inS ml (}5% methylcellulose.
The first dialysate was extracted three times with 50 ml methylene chloride and the aqueous phase was lyophilized as described above. The residue was taken up in 5 ml water and passed through a paper filter.
Isolation of DN A. DNA was isolated from the Ii ver according to Markov & Ivanov (1974) with the modifications as described (Viviani & Lutz. 1978) . DNA was dissolved in Q-014 M-sodium phosphate buffer, pH 6·8, and counted after the addition of 10 rnl InstaGel (Packard Instruments, Downers Grove, IL, USA) in a liquid scintillation counter (Betaszint 5000, Laboratorium Prof. Dr. Berthold, Wildbad, Federal Republic of Germany). The Iimit of detection of radioactivity is given by the total variability of the background samples, and one standard deviation (SD) was determined to be 0·7 cpm. A Iimit of detection of 1·5 dpm (2 SD) was therefore adopted for the 14 C experiments and 3 dpm for the tritium Iabel.
Experiment on [
14 C]AF8 1 • Two 280-g male rats were each given orally a dose of 3·6 x 10 7 dpm (320 pg) [ 14 C]AF8 1 fkg. After 6 hr, the high-molecular fraction was isolated from the combined livers as described above and administered in three portions of about 5·5 ml at hourly intervals to another rat, which was killed 10 hr after receiving the last portion, for isolation of its liver DNA. Numerical details are presented in Table I .
Experiment on [J H] AF B,.
A 288-g male rat received by oral gavage 9 x 10 8 dpm (12 pg) [
3 H]AFBdkg, together with 1· 2 x 10 9 dpm tritiated water contaminantfkg. After 6 hr, the aftatoxin metabolites were isolated from the liver as described above, and the high-molecular derivatives were administered to one rat and the low-molecular metabolites to another rat. Liver DNA was isolated from these rats after 9 hr. Numerical details are given in Table 2 .
Control experiment with tritiated water, HTO. One 290-g rat received by oral gavage 4·2 x 10 9 dpm HTO/kg. After 6 hr, the macromolecules were isolated from the liver as described above and administered to another (330-g) rat (5·3 x 10 4 dpmfkg), from which 16·7 mg Ii ver DNA was isolated after 9 hr. The gross radioactivity (22·7 cpm, 5·40 min counting time) was not significantly different from that of the control DNA (22·5 cpm). 
RESULTS
The fraction of aflatoxin radioactivity recovered from the rat liver 6 hr after a single dose of AFB 1 was found to be 9% in the experiment with the 14 C-Iabel and 7% with the 3 H-label. Ofthis total radioactivity, 40% ( 14 C-label) and 46% eH-Iabel) was bound to macromolecules, 2% ( 3 H-label) was recovered in the low-molecular fraction. The fraction of macromolecule-bound aflatoxin metabolites is of the same order as that found in the pig (Lüthy et al. 1980) , and is in good agreement with earlier studies in the rat (Wogan, Edwards & Shank. 1967) . Tables 1 and 2 give data on the binding experiments and show that in no case was any radioactivity detectable on the liver DNA of the rats given the radiolabelled aflatoxin derivatives isolated from the livers of the sponsor rats. The lowest corresponding value for the CBI is easily calculated from these data if the Iimit of detection of radioactivity (1·5 dpm for 14 C, 3 dpm for tritium) is divided by the amount of DNA isolated and by the dose of radioactivity administered to the animal. ·
Macromolecule-bound aflatoxin derivatives
With the 14 C-label (Table 1) , the Iimit of detection of binding of macromolecule-bound aflatoxin metabolites to rat liver DNA was found to be 80 in the CBI units (pmol chemical boundjmol nucleotides)/(mmol chemical administeredfkg body weight). With the 3 H-label (Table 2} , a larger amount of radioactivity was available so that a value of 2· 3 resulted for the highest possible CBI for rat liver DNA. This figure is more than 4000 times below the CBI of AFB1 itself.
Low-molecular ajlatoxin conjugates
Only one experiment, with the tritium Iabel (Table 2) , was performed with this minor fraction isolated from the Ii ver of a rat that bad received AFB 1• The radioactivity that could have. been expected from an experiment with 14 C would have been too low for a DNA binding experiment with a second rat. The Iimit of detection of a CBI of less than 100 shows that this fraction of the aflatoxin residues in rat liver is more than 100 times less active than AFB 1 itself with respect to DNA binding in the rat liver.
HTO control
Because of the contamination of the [ 3 H]AFB1 with tritiated water a check was made on the extent to which HTO was incorporated into the maeromol~ ecular fraction used in the main experiment. nie' amount of tritium administered was about twice as much as that given in the [ 3 H]AFB 1 experiment. but only about 0·001% of the radioactivity administered was recovered on the macromolecules. Administr.ation of this total macromolecular fraction to a second rat resulted in no detectable radioactivity ori \he ijver DNA. These results show that the high· percentage of HTO in the original 3 H-AFB 1 dose did not affect the interpretation of the results.
There is a possibility .that macromolecule-bound · aftatoxin metabolites lose their Iabel during the isolation procedure and during the time between the administration of the radioactivity an~ its measurement on the DNA. A Iack of any radioactivity on the DN:A could then be due partly to a loss of the. Iabel. This possibility can be excluded, hQwever, since it was shown by the repeated lyophilization steps, carried out at daily intervals, that less than.1% of the radioactivity on the macn~molecule-bound aflatoxin inetabolites was exchanged within 1 day: DISCUSSION CBis for aftatoxins have so far been determined with AFB 1 by Campbell, Hayes & Newberne (1978) . Croy, Essigmann, Reinhold & Wogan (1978) , Gamer & Wright (1975) . Preston, Hay.es & Campbell (1976) and Swenson. Lin, Miller & Miller (1977) and also in this laboratory (Lutz. 1979) , figures between 10,000 and 30,000 having been reported for rat-liver DNA: AFB 2 has been investigated by Swenson et al. (1977) . AFM 1 by Lutz (1979) and AF<;J 1 by Gamer, Martin. Smith, Coles & Tolson ( 1979) . The CBI of these three aflatoxins ranged between 500 and 4000 so that a good quantitative correlation with the observed carcinogenicity from long-term experiments was established. Some early experiments with AFB 1 and AFG 1, based upon tritiated aflatoxins, were performed by · Lijinsky, Lee & Gallagher (1970) . who obtained a CBJ· for AFB 1 much lower than those found in all the other laboratories, possibly as a result of using an unstable tritium Iabel.
Our results with aftatoxin residues isolated from rat liver reveal that neither macromolecule-bound metabolites nor low-molecular conjugates exhibit any DNA-binding ability. Macromolecule-bound AFB 1 residues could be at the worst 4000 times less hepatocarcinogenic than AFB 1 itself, while the conjugates are at least 100 times less active than AFB 1 with respect to covalent binding to rat-liver DNA.
A CBI describes the DNA darnage to be expected after the administration of a unit dose. If the real amount of DNA-bound chemical from a specific dose has to be assessed. the actual dose has also to be taken into account. As a first approximation, a multiplication of the CBI with the dose might be performed, although this is only a valid procedure if a linear dose-binding relationship has been demonstrated over the complete dose range in question.
The actual exposure of humans to aflatoxin residues from pork liver can be estimated on the basis of the metabolism data presented by Lüthy et a/. ( 1980) , following the making of appropriate assumptions on the contamination of the pig diet with aftatoxins. lt can then be deduced that pork liver in Switzerland contains less than (} 1 ppm macromolecule-bound aftatoxin metabolites, while the amount of walersoluble aftatoxin conjugates will be much lower even than that. In muscle, the main edible tissue, Ievels of both types of residue are again lower by several orders of magnitude.
lf such low exposure is taken into account in assessing the carcinogenic risk of a population consuming pork liver or meat. the risk must be considered negligible when compared with that from the direct intake of aftatoxins from nuts, milk and other sources.
